Estudos sobre a estabilidade de óxidos anódicos crescidos sobre zircônio e suas ligas biocompatíveis Ti-50Zr %at. e Zr-2,5Nb %m., em solução fisiológica de Ringer aerada, a 25 e 37 o C, foram feitos por meio da comparação entre as cargas de sua formação e de sua reconstrução após dissolução a circuito aberto na solução fisiológica. A estabilidade de óxidos crescidos na solução de Ringer e em solução de Na 2 SO 4 0,15 mol L -1 foi comparada. Os resultados obtidos mostram que a estabilidade desses óxidos é aumentada por envelhecimento sob condições potenciostáticas e que ela pode ser decrescida pela presença de íons cloreto no eletrólito durante o processo de anodização.
Introduction
Elements such as Zr, Ti and Nb, which belong to a group known as valve metals, usually have their surfaces covered by a thin oxide film spontaneously formed in air or in electrolytes at open circuit. 1, 2 This film constitutes a barrier between metal and medium. Typical values of the initial thickness of these oxide films are in the range 2-5 nm, when formed in air at room temperature, but the thickness of the films can be increased by anodic oxidation. [1] [2] [3] For anodic films on valve metals, the thickness is determined by the applied potential and may be estimated from the anodization rate, which typically lies in the range 1.0 -2.0 nm V -1 . 2, 4, 5 The growth of these anodic films, commonly irreversible, occurs with a fixed stoichiometry under an electrical field strength E of 10 6 -10 7 V cm -1 , the current density j being described by the high-field (or constant-field) growth model:
where A and β are material dependent constants. 2, 5, 6 Currently, with the increase of the population of over 65 years old persons, in countries such as Japan, United States, Germany etc, the need for the use of artificial implants is also increasing, making necessary more thorough studies on materials that may be used for such an end. [7] [8] [9] A live organism, containing saline solutions, is considered to be a corrosive medium for several materials. Due to the high corrosion resistance of some valve metals (Zr, Ti, Nb, W, Ta) in different highly-corrosive environments, mainly those of an oxidative nature or containing chlorides, the field for application of these metals and their alloys was naturally enlarged, allowing rapid and significant advances in the areas of medical instrumentation and surgical implants. 10, 11 Considering that some Zr and Ti alloys present, among other qualities, excellent mechanical properties, very good corrosion resistance, biocompatibility, and good durability, they become interesting and promising materials for use in implants. 12 The combination of Zr with Nb made possible the development of a structure that supposedly presents a high corrosion resistance but continues having the mechanical resistance necessary for implants. 13 Binary Ti-Zr alloys have been studied so as to evaluate their possible use for biomedical purposes. Zirconium and titanium have similar chemical properties and Zr/Ti systems show a complete 12 with hardness and tensile strength 2.5 times greater than those of pure Zr and pure Ti.
Taking into account the possible use in implants in the human body and that there are very few electrochemical studies on these alloys, 15 this work aimed to study the growth and stability of anodic-oxide films that passivate the alloys Zr-2.5Nb wt.% and Ti-50Zr at.%, in a electrolyte that simulates the physiological medium (Ringer solution), at 25 and 37 °C. The results obtained with the help of electrochemical techniques (linear voltammetry and chronoamperometry) were compared with those for oxides grown on pure Zr under the same conditions.
Experimental
The alloys used in the present work, Ti-50Zr at.% and Zr-2.5Nb wt%, were prepared by fusion in a voltaic arc (under inert atmosphere) from the pure metals: Zr (Johnson Matthey, 99.8%), Nb (Degussa, 99.8%) and Ti (Müller Metals -Brazil, 99.7%), following a procedure described by Kobayashi et al. 12 After the fusion, the alloys were characterized by metallography and by inductively coupled plasma -atomic emission spectroscopy (ICP-AES). Previous to any anodic oxide growth, the working electrodes were polished with silicon carbide paper of grade 600 and rinsed with bidistilled water. A saturated calomel electrode (SCE) was used as reference and a 2 cm 2 Pt foil was used as counter electrode.
CaCl 2 , 0.30 g L -1 KCl) was used as electrolyte, kept at either 25 or 37 °C. A conventional three-electrode cell with a jacket for temperature control was used in all electrochemical experiments.
The experimental procedure used in the studies on the oxide stability has been described elsewhere 3 and was carried out using an Ecochemie/Autolab potentiostat/ galvanostat, model PGSTAT 20. The electrochemical method used (here referred as LV 1 ) consisted of a linear potential scan (v = 50 mV s -1 ) starting at a potential in the hydrogen evolution region up to a final potential (E F ) in the anodic region; then the oxide formed was aged by keeping the system polarized at E F while the variation of the current with time was followed (chronoamperometry). When the current reached an approximately constant value, the circuit was opened and the potential vs. time profile was followed until a constant value was reached. Finally, to reconstruct the oxide eventually corroded in the previous step, a new linear potential scan similar to the first one was carried out. The potential-time programme for this procedure can be seen in Figure 1 (a). This method was repeated for different E F values in the passive region previously assesed. 16 An alternative method was also used (hereinafter referred as LV 2 ), consisting of method LV 1 without the oxide-aging step.
In complementary studies, the anodic oxides were grown on the working electrode (Zr and the two alloys) in a less aggressive electrolyte, i.e., in the absence of chloride ions; for such, a 0.15 mol L -1 Na 2 SO 4 solution was used. In these studies, after the oxide was grown and aged (according to method LV 1 ), the working electrode was transferred to another electrochemical cell containing the Ringer solution and there left on open circuit until the stabilization of its potential. Then the working electrode was transferred back to the cell containing the Na 2 SO 4 solution where a new linear voltammetry similar to the first one was carried out so as to reconstruct the oxide eventually corroded in the Ringer electrolyte.
Results and discussion
The results obtained in the electrochemical studies involving the growth and reconstruction of the oxide film on Zr and the two alloys in the Ringer solution using method LV 1 led to similar voltammetric profiles. As an example, the oxide growth and reconstruction profiles on the Zr-2.5Nb wt.% alloy, for E F = 0.1 V at 25 o C, are shown in Figure 1 (b). The chronoamperometric profile obtained at E F for this same system after film formation is shown in Figure 1 (c). This profile shows that initially the current decreases rapidly, i.e. the oxide is passivating the alloy, and then slowly, until it becomes steady. This slow and continuing variation of the current is attributed to aging of the anodic oxide film, with possible dehydration and structural rearrangements due to the imposed electrical field. [17] [18] [19] It is commonly assumed that this aging can make the oxide film more compact and more resistive, and thus can increase its corrosion resistance. 3, 20, 21 As for the valve metals, the thickness of their anodic oxides increases in a direct proportion with the applied potential (according to the high-field growth model -equation 1), the very small charge due to the aging at E F can be neglected and, therefore, was not considered for the calculation of the electrical charge passed to grow the film, Q F .
After the anodic growth of the film (aged or not, depending on the case), the circuit was open so as to study the oxide film stability to spontaneous dissolution. Studies on the stability of oxides are commonly carried out by monitoring the potential at open circuit (E oc ) as a function of time, leading to a knowledge of the resting potential and the time taken to reach it. 3 Once the resting potential is reached, the film is reconstructed. The dissolution process of valve-metal oxides at open circuit potential is still controversial, since the hydrolysis equilibrium is not obvious. Blackwood et al. 22 have found that the spontaneous dissolution rate of TiO 2 , in sulfuric acid solutions of various pH, is first order with respect to proton concentration. Thus, they proposed that the oxide hydrolysis might be written as:
Should this be the case, a very slow chemical dissolution rate (and therefore very low reconstruction changes) should be expected for these oxides in the Ringer solutions (pH 6.8). From the voltammetric profiles for the growth and the reconstruction of the oxide it is possible, by determining the areas under the curves, to compare the magnitudes of these processes through the electrical charges (Q) associated to them.
For the growth of the oxide films, the formation charge (Q F ) increases as E F becomes more positive, as it is shown in Figure 2 . The linear relationship found is consistent with the assumption that the oxide is growing according to the high-field growth model. On the other hand, from a comparison of the slopes of the plots Q F vs. E F one clearly sees that the anodization rate 3 is greater for the alloys than for Zr, suggesting that the addition to zirconium of the alloying elements Ti and Nb (in the proportions indicated for each alloy) is affecting the anodic-oxide formation rate. Similar results were obtained at 37 °C.
From the oxide formation charges (Q F ) and reconstruction charges (Q rec ), it is possible to grasp the importance of aging on the stability of the oxide anodically grown on the surface of Zr and its alloys. For such, the oxide film reconstruction rate (RR) is defined 3 as being equal to the ratio between Q rec and Q F . The percentage values of RR for the oxides grown on Zr and its alloys using method VL 1 are shown in Figure 3 (a). Clearly there are two different behaviors. The Ti-50Zr at.% alloy presents higher RR values that generally increase as E F becomes more negative, reaching a maximum value of around 11%. Since the film thickness increases as E F becomes more positive, it can be apprehended that the thicker films are more stable than the thinner ones. On the other hand, Zr and the Zr-2.5Nb wt.% alloy present RR values that are quite low, always smaller than 3%, with no clear dependence on E F . The studies carried out at 37 °C yielded similar results. Considering that the oxide growing potentials are not in the region where pit corrosion sets in, 16 the fact that the Ti-50Zr at.% is presenting higher values of RR may be due to mechanical instability of the grown oxide. Anodic oxides of titanium are prone to incorporate species from the electrolytic solution, 23, 24 which can lead to changes in the mechanical properties of the oxide. Usually oxides have a natural level of internal stress, but the presence of incorporated foreign species affects directly the ratio between the oxide molar volume and the metal molar volume, leading to alterations in the internal stress that may cause the rupture of the protecting oxide film. [24] [25] [26] Figure 3(b) shows a comparison between RR data for oxide films grown using methods LV 1 (aged film) and LV 2 (nonaged film) on the Ti-50Zr at.% alloy. Clearly, the aging step has a significant influence on the stability of the oxide film, since reconstruction of the film is reduced to 50% or less compared to the one that occurs in the absence of the potentiostatic-aging step. Similar influence was found for Zr and the other alloy. Figure 4 shows a comparison between RR data for oxide films obtained at 25 and 37 °C, using method LV 1 . It can be seen, as it should be expected, that the increase in temperature causes an increase in the anodic-oxide dissolution rate. This effect should be taken into account when in vivo experiments are carried out.
Considering that the anodic growth of the oxide films in the Ringer solution is limited to a small potential range due to the presence of chloride ions in the electrolyte, which causes pitting, 27 and, furthermore, that the very presence of these ions in the electrolyte may affect the passivating properties of the grown oxides, oxide films were grown on Zr and its alloys in a less aggressive electrolyte, 28 0.15 mol L -1 Na 2 SO 4 , exposed to the Ringer solution and reconstructed in the Na 2 SO 4 solution (see Experimental section). Taking the Ti-50Zr at.% alloy as an example, Figure 5 presents the drastic changes in the i/E profile with the presence or absence of Cl -ions during the anodic oxide growth. The current loop in the cathodic sweep and the current fluctuations in the passive region, seen in Figure 5 (a), indicate that pitting corrosion processes are occurring and limiting the maximum anodic potential to grow a stable oxide on the alloy. On the other hand, a large anodic potential range can be swept for the alloy in the Na 2 SO 4 solution (Figure 5b ). In this electrolyte solution, it is possible to grow oxide films up to much more positive potentials without film rupture; 27 hence these films were grown up to E F equal to 7.0 V. As already reported for Ti alone, 3, 29 Figure 5 (b) shows a typical valve metal behavior for the Ti-50Zr at.% alloy too, and its anodic oxide grows according to the high-field model (Equation 1) in this less aggressive electrolyte. Thus, it was possible to compare the chemical and mechanical stability of the oxides grown in the presence of chloride ions and in their absence. Table 1 lists the values of RR obtained for the films grown in Na 2 SO 4 on Zr and its alloys. Contrary to the case of the oxide films grown in the Ringer solution, the smaller value of RR occurs for the oxide film grown on the Ti-50Zr at.% alloy. The value for the Zr-2.5Nb wt.% alloy is similar to the ones previously obtained for films grown in the presence of chloride ions, while the value for Zr is higher, being approximately twice the previously obtained ones. On the other hand, RR for the Ti-50Zr at.% alloy is significantly smaller than the ones previously obtained. Hence, clearly the oxide film grown in Na 2 SO 4 on the Ti-containing alloy presents less mechanical instabilities than the one grown in the Ringer solution. This indicates that Ti is more sensitive to the nature of the electrolytic solution during the anodization process, possibly due to incorporation of species 23, 24 from the electrolyte, as well as reinforces the data discussed above showing that the aging with the potential (i.e. with E F ) affects more strongly the solid-state properties of Ti oxides.
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Conclusions
The electrochemical data presented on the growth and stability of anodic oxides that passivate Zr and the alloys Zr-2.5Nb wt.% and Ti-50Zr at.% showed that either the electrolytic medium where they are grown or the method used for anodization have significant influence on both their growth and stability. The anodization rate for the two alloys in the Ringer solution is higher than the one for Zr, indicating that the addition of the alloying elements Ti and Nb to zirconium is positively affecting the rate of formation of the anodic oxide. The potentiostatic aging of the oxide films was found to significantly increase the stability of the anodic oxide films. Furthermore, the anodic formation of the oxide film in an electrolytic solution free of chloride ions, 0.1 mol L -1 Na 2 SO 4 , led to a significant decrease in the reconstruction rate of the oxide grown on the Ti-50Zr at.% alloy. On the other hand, the anodic growth in the Na 2 SO 4 solution allows a greater corrosion protection of the materials to be attained, since a much thicker oxide layer can be grown; thus, prepassivation of these metals in an electrolytic solution free of chloride ions seems to be a viable way of improving their protection against corrosion. 
